We studied the interaction between responses to contra-and ipsilateral stimuli in the human second somatosensory cortex SII by recording somatosensory evoked magnetic fields (SEFs) from 8 healthy subjects with a 122-channel whole-scalp SQUID magnetometer. Right (R) and left (L) median nerves were electrically stimulated at the wrists at intensities exceeding the motor threshold. In each stimulus sequence, the four equiprobable pairs (L-L, R-R, L-R, R-L) were presented in a random order once every 2 s, with a 300-ms interstimulus interval within the pair. The responses were modelled with a four-dipole model, with current dipoles located in the SI and SII cortices of both hemispheres. The SII responses peaked around 85-120 ms and responses to the 1st (2nd) stimulus on the pair were on average 2 (12) ms earlier and about 3 (2.5) times stronger for contralateral than ipsilateral stimuli. Independently of the condition, the 2nd response always peaked later than the 1st; the mean delay was 16 ms. The responses to the 2nd stimulus depended only slightly on the type of the 1st: the latency increased more and the amplitude decreased less after different than identical 1st stimuli. These results suggest that neuronal activations due to contra-and ipsilateral stimuli overlap strongly in the human SII cortex. 1999 Academic Press
INTRODUCTION
In neuromagnetic recordings, electric stimulation of peripheral nerves activates an extended cortical network, with the first responses in the contralateral primary somatosensory cortex SI. Later activity is seen bilaterally in the upper lips of the Sylvian fissures, in regions corresponding to the second somatosensory cortex SII. Activation of the human SII cortex was observed in magnetoencephalographic (MEG) recordings to peroneal and median nerve stimuli already 15 years ago (Hari et al., , 1984 Teszner et al., 1983) , and has been later confirmed in PET and fMRI studies (Burton et al., 1993; Pujol et al., 1996; Gelnar et al., 1998) as well as with further MEG recordings Kakigi 1994; Forss et al., 1994a,b; Hoshiyama et al., 1997) .
The human SII cortex is activated bilaterally but with a clear contralateral dominance. The ipsilateral SII activation could, in principle, utilize three different neural pathways: (i) direct input from the VPI nucleus of the thalamus, (ii) callosal connections from the SII cortex of the opposite hemisphere, or (iii) callosal connections from the SI cortex of the opposite hemisphere. Recent patient data seem to support the direct thalamic activation of SII: ipsilateral SII responses were observed in a patient whose contralateral SI and SII responses were abolished due to a vascular lesion (Forss et al., 1999) . On the other hand, the absence of ipsilateral SII response in a split brain patient emphasizes the importance of callosal connections in the generation of the SII responses (Fabri et al., 1997) . Thus the anatomical pathways of ipsilateral SII activation as well as the interaction between ipsi-and contralateral stimuli at SII are still unknown in humans.
A recent study from our laboratory (Wegner et al., 1998) showed that responses to ipsi-and contralateral median nerve stimuli interact to some extent in the SII cortex. For example, contralateral responses to left median nerve (LMN) stimuli, presented once every 3 s, were decreased by a third when right-sided (RMN) stimuli were interspersed between them. Such a result suggests that the ipsi-and contralateral inputs converge somewhere along the somatosensory pathway.
Our present aim was to find out to which extent SII activations triggered by ipsi-and contralateral stimuli interact. We presented pairs of median nerve stimuli in all four possible left-right combinations. Our hypothesis was that if the ipsilateral and contralateral activations were totally independent, the response to the second stimulus of the pair should not be affected by a preceding stimulus presented to the other wrist, whereas responses to pairs of identical stimuli were assumed to show normal recovery effects.
MATERIALS AND METHODS

Subjects
Somatosensory evoked fields (SEFs) were recorded from eight right-handed, healthy laboratory members (3 females, 5 males; age range 22-43 years, mean 31.5). During the recording, the subjects were sitting comfortably and with their eyes open in a magnetic shielded room, with the head supported against the helmetshaped sensory array of the magnetometer.
Stimuli
Left (L) and right (R) median nerves (LMN, RMN) were stimulated at the wrists with 0.2 ms constant current pulses. The stimulus intensity (7-12 mA, mean 7.9 mA) exceeded the motor threshold and was adjusted to produce subjectively equal sensations at both wrists. The stimuli were presented in pairs that were repeated once every 2 s, with a 300-ms interstimulus interval within the pair. The four equiprobable pairs (L-L, R-R, L-R, R-L) were presented in a random order within the same stimulus sequence.
Recording
Cortical magnetic signals were recorded with a 122-channel SQUID neurogradiometer (Neuromag-122; Ahonen et al., 1993) , which houses figure-eight-shaped flux transformers in a helmet-shaped array. In this way, two orthogonal gradients of the magnetic field radial to the sensor surface were obtained simultaneously at 61 recording sites. Such planar gradiometers measure the largest signals just above local source currents. For an extensive review of the MEG method, see Hä mä lä inen et al. (1993) .
The recording passband was 0. Hz and the signals were digitized at 597 Hz. The analysis period of 1400 ms included a prestimulus baseline of 200 ms. About 100 artefact-free single responses were averaged on-line separately for each stimulus category. Vertical electro-oculogram was monitored to allow on-line rejection of responses coinciding with eye movements or blinks.
The exact head position with respect to the sensor helmet was found by measuring signals from four indicator coils attached to the scalp. The coil locations were found with respect to anatomical landmarks with a 3D digitizer (Isotrak 3S10002, Polhemus Navigation Sciences, Colchester, VT). This information was used to align MEG and magnetic resonance image (MRI) coordinate systems, thus allowing superposition of sources of the MEG signals onto individual MR images. The MRIs of all subjects were acquired with a 1-T Siemens Magnetom system. A set of 128 coronal slices (thickness 1.3 mm) was used for rendering a 3-D reconstruction of the brain's surface.
Data Analysis
Sources of evoked responses were modeled as single current dipoles during clearly dipolar field patterns. For dipole identification, the head was assumed to be a sphere, the dimensions of which were found on the basis of individual MRIs.
To identify sources of the evoked responses, the signals were divided into several time periods, during each of which one equivalent current dipole (ECD), best describing the most dominant source, was first found by a least-squares search using a subset of channels over the maximum response. These calculations resulted in the 3-dimensional location, orientation, and strength of the ECD in a spherical conductor model. The final source model consisted of four dipoles, located in the SI and SII cortices of both hemispheres; these dipoles were originally identified for contralateral responses. In the 4-dipole model, the dipoles were kept fixed in their locations and orientations but their strengths were allowed to change as a function of time to provide the best fit to the measured data.
The peak latency and amplitude measurements of the SII activations were made from the source strength waveforms. When these peaks were not clear, mainly for ipsilateral stimulation, they were identified by comparison with the deflections obtained for contralateral stimulation.
Statistical Tests
Statistical analysis was performed with paired, twotailed t test.
RESULTS
Examples of Responses
Figure 1 illustrates somatosensory evoked fields (SEFs) of Subject S4 to L-R stimuli. The first deflections peak in the right hemisphere 22, 32, and 51 ms after the first (L) stimulus (insert 1). Longer-latency responses peak at 78 ms in the right and at 99 ms in the left temporal regions (inserts 3 and 4).
For the second (R) stimulus, presented 300 ms later, the earliest deflections peak at 18, 28 and 50 ms in the left hemisphere (insert 2), and temporal-lobe activations peak at 87 ms in the left and at 82 ms in the right hemisphere (inserts 3 and 4). Figure 2 shows the result of the source modeling in the same subject, with the four source areas superim-posed on his own MR images. In agreement with previous studies Forss et al., 1995) , the sources of the early responses are located in the contralateral SI cortex in the central sulcus, and the sources of the later responses bilaterally in the SII cortex in the depths of the Sylvian fissures.
Source Modeling
The right side of Fig. 2 shows the strengths of these four sources as a function of time. To the first (L) stimulus of the L-R pair, the first activation of the contralateral SI cortex (SI R ) is followed by bilateral activation of SII, stronger and earlier in the contralateral (SII R ) than ipsilateral (SII L ) side. To the second (R) stimulus, the activation of the contralateral SI cortex is again followed by activation of SII, now very strong in the contralateral hemisphere (SII L ) and negligible ipsilaterally. The goodness-of-fit of the model, shown in the lower part of the figure, indicates that the 4-dipole model explains the whole-scalp data reasonably well during the first 100 ms after the stimulus.
The mean Ϯ SEM Talaraich coordinates (Talairach et al., 1988) of the SII sources across all eight subjects were x ϭ Ϫ49 Ϯ 2, y ϭ Ϫ27 Ϯ 3, z ϭ 24 Ϯ 2 for the left hemisphere and x ϭ 46 Ϯ 2, y ϭ Ϫ14 Ϯ 2, z ϭ 27 Ϯ 4 for the right hemisphere. The sources were statistically significantly more posterior in the left than the right hemisphere (P Ͻ 0.002). Figure 3 shows enlarged signals of subject S4 from the encircled areas of Fig. 1 for all stimulus pairs; the areas correspond roughly to SI and SII cortices of both hemispheres. As expected, the first responses occur in the SI R cortex to L-R and L-L pairs and in the left SI L cortex to R-L and R-R pairs (columns 1 and 2, respectively). Repetition of the same contralateral stimulus results in a slight decrease of the 35-50 ms response. Ipsilateral stimuli do not produce any clear response in the SI cortices; the tiny 100-ms responses probably reflect activity of the distant SII cortex.
Effects of Stimulus Type on Signals
The SII responses (columns 3 and 4) peak around 85-120 ms in both hemispheres and are clearly stronger for contralateral than ipsilateral stimuli; ipsilateral responses are also visible. In the contralateral SII cortex, the second response is smaller than the first one to pairs with identical (L-L and R-R) stimuli. Figure 4 shows, for all subjects and all stimulus pairs, the SII source strengths as a function of time.
Effects of the Stimulus Type on SII Source Strengths and Latencies
Despite individual variability in waveforms, all subjects show both contralateral and ipsilateral responses. Both the first and the second responses are slightly earlier and considerably stronger for contralateral than ipsilateral stimuli. Figure 5 summarizes the mean (ϮS.E.M.) peak latencies and normalized amplitudes of the SII responses in both hemispheres for all stimulus pairs. On the left hemisphere, the responses to the 1st stimuli on the pair were on average 4 ms (P Ͻ 0.02) earlier for contra-than ipsilateral stimuli; no significant differences were found on the right hemisphere. The second responses were 6 ms (P Ͻ 0.3) and 18 ms (P Ͻ 0.001) earlier in the right hemisphere. The most prominent feature of the latencies was the clear delay of the 2nd response, independently of the condition (average 16 ms across conditions, P Ͻ 0.001); the effect was consistently stronger in the hemisphere ipsilateral than contralateral to the 2nd stimulus (P Ͻ 0.001). The latency of the 2nd response was, in general, slightly longer for pairs of different than identical stimuli but this difference reached statistical significance only for L-R vs R-R pairs in the right hemisphere (4 ms, P Ͻ 0.04). For the 1st stimuli of the pairs, the latencies were systematically longer (5 ms, P Ͻ 0.05) in the left than the right hemisphere.
The lower part of Fig. 5 shows the corresponding amplitudes, normalized according to the maximum strength of the SII source in each subject. The first response was on average 3 times (P Ͻ 0.001) and the second response 2.5 times (P Ͻ 0.001) stronger to contralateral than ipsilateral stimuli. For pairs of identical stimuli, the second responses were in general smaller than the first ones; the decrease reached statistical significance only in the right hemisphere for L-L (P Ͻ 0.05). Furthermore, the 2nd response was, in general, slightly stronger for pairs of different than identical stimuli but this difference reached statistical significance again only for L-L vs R-L in the right hemisphere (P Ͻ 0.03).
DISCUSSION
In agreement with previous studies 1984; Kakigi, 1994; Forss et al., 1994b) , electrical stimulation of the median nerve elicited, after shortlatency responses in the contralateral SI area, longlatency SII activation in both hemispheres. The mean locations of the SII cortices in stereotactic space were in good agreement with a metanalysis of SII locations in PET activation studies (Paulesu et al., 1997) . The on average 13 mm more posterior SII location in the left than the right hemisphere in our right-handed subjects agrees with a similar hemispheric asymmetry of sources 
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of auditory evoked responses in the supratemporal cortex (Hari, 1990) .
Von Békésy (1960) , in his studies of cochlear mechanisms, often emphasized the similarity between tactile and auditory systems. Interestingly, the SII cortex resembles in some of its functions the supratemporal auditory cortex. For example, both are activated bilaterally by unilateral stimuli, with a slightly longer latency to ipsilateral than contralateral stimuli, and they both have ϳ100-ms responses with a long recovery cycle of several seconds (Hari, 1990a; Hari et al., 1993) . Furthermore, the amplitudes of the 100-ms auditory responses to pairs of contra-and ipsilateral tones, presented in a fashion similar to the present study, resemble the behavior of our SII responses, indicating interaction between stimuli from the two sides (Mä kelä , 1988) .
The SII responses to both 1st and 2nd stimuli of the pair were, on average, 2.5-3 times stronger and they peaked earlier to contralateral than ipsilateral stimuli; this contralateral dominance is similar, although slightly stronger than that observed in previous MEG studies (Kaukoranta et al., 1986; Hari et al., 1993; Forss et al., 1994b) . In quite good agreement with the present data, one would predict a contra/ipsilateral amplitude ratio of about 2 from the number of the contralaterally and bilaterally vs ipsilaterally and bilaterally activated neurons in monkey SII cortex (Burton, 1986) . The delay between ipsilateral and contralateral activations could be due to a delay in the callosal fibres or in the ipsilateral pathway from the VPI nuclei (Forss et al., 1999) .
Our most prominent finding was the delay of the second response compared with the first, independently of the condition. These data demonstrate that SII activations to ipsi-and contralateral stimulation overlap strongly, suggesting that approximately the same SII region is activated independentely on which median nerve was stimulated a few hundred milliseconds earlier. A rather similar latency prolongation is seen in auditory responses to tone pairs presented with sound onset asynchronies of 100-300 ms (Loveless et al., 1994 (Loveless et al., , 1996 . Although the underlying physiological mechanism is unknown, both these delays could be due to a poststimulus lateral and/or infield inhibition.
The 20-ms primary response of the SI cortex, elicited by median nerve stimuli, is similarly suppressed by stimulation of both median and ulnar nerves of the same hand 20-120 ms earlier, thereby implying a strong convergence from different nerves of the same hand (Huttunen et al., 1992) . Although the 20-ms SI deflections are not affected by preceding stimuli presented to the opposite hand (Huttunen et al., 1992) , the 35-ms response is significantly enhanced by continuous tactile stimulation of the opposite hand (Schnitzler et al., 1995) , indicating that tactile input can reach the ipsilateral SI cortex. The present results suggest that interaction between inputs from the two upper limbs is very prominent at the SII cortex. Such an effective integration of information from the two body halves is probably needed for the SII cortex to play an important role in supporting a unitary body image.
